Introduction
============

In the past few years, since the Intergovernmental Panel on Climate Change (IPCC) 4th Assessment Reports^[@r01]--[@r04])^ in 2007, discussion of practical strategies to mitigate climate change has become a central issue within international politics. At the Group of Eight (G8) Summits of 2007, 2008 and 2009, it was declared that the world's total greenhouse gas (GHG) emissions should be reduced to 50% of current levels by 2050. Further, the G8 Declaration of 2009 stated that global mean temperature must not exceed 2 ℃ above preindustrial levels, in recognition of the scientific findings of the IPCC. Subsequently, at the 15th Conference of Parties (COP-15) of the United Nations Framework Convention on Climate Change (UNFCCC) held at Copenhagen in December 2009, the parties agreed to this temperature rise limit, again referring to the IPCC, although no consensus was reached regarding a common target for emissions reduction. A more stringent temperature restriction of 1.5 ℃ was noted in the Copenhagen Accord, originally raised by small island states presumably to avoid the threat of sea level rise. Discussions during the subsequent two years have illustrated the difficulties of agreeing an emissions reduction strategy that is acceptable for all nations.

It is well understood that the issue of climate change mitigation is a complex matter of climate science and socioeconomic policy issues, incorporating value judgments. Natural science alone cannot determine the appropriate threshold for global mean temperature rise, because the associated risk depends on factors such as the vulnerability of specific societies. Furthermore, strategies to mitigate temperature rise should balance potential losses due to climate change against the economic and cultural development of the worlds's human society enabled by energy consumptions and CO~2~ emissions.

Thus, the overall role of climate science is limited, despite being the central starting point of the issue. So far, once the upper limit of global mean temperature rise is determined based on a wide range of considerations (2 ℃, for example), then GHG stabilization targets are determined at concentrations such that the equilibrium temperature rise becomes the upper limit and, by definition, concentrations are held constant after stabilization. The emissions pathways leading to stabilization from present levels are devised using integrated assessment models under certain evolutionary socioeconomic scenarios, such as the Representative Concentration Pathways (RCP) scenarios.^[@r05])^

The present work is motivated by the question of whether such procedures are sufficient to determine appropriate emissions pathways or emissions reduction strategies within the full range of effective possibilities, the point raised in Ref. [@r06]. We consider that existing procedures were restrictive and may therefore overlook emission-reduction strategies that deserve to be considered from the viewpoints of future evolution of climate change and associated risks, as well as practical socioeconomic application. Specifically, we first raise a question on the traditional stabilization concept and critically examine its limitations. In subsequent sections, we propose a new stabilization concept, in which CO~2~ emissions are reduced to zero at some time, typically in the next century, and; thereafter, CO~2~ concentration decreases by natural removal processes, finally reaching an equilibrium state, which we call "Zero-emissions stabilization (Z-stabilization)." Such a zero-emissions concept has been discussed as an alternative emissions pathway,^[@r07])^ or as a necessity for stabilizing global temperatures.^[@r08])^ In the present paper, we further clarify the implications of this concept as a long-term climate change mitigation strategy in contrast to the traditionally accepted method of stabilization; and also pay attention to a misleading concept, referred to as "committed climate change," that is associated with the traditional stabilization. The evolution of CO~2~ concentration, temperature increase, and sea level rise associated with Z-stabilization is compared with those of a traditional stabilization pathway, which we call "Emissions-keeping stabilization (E-stabilization)," through projection calculations based on a simplified climate system model. From the results, we can infer that Z-stabilization is more advantageous than E-stabilization for avoiding long-term risks while meeting the short-term need for large emissions. Namely, by requiring zero-emissions not too far in the future, but within a feasible emissions reduction rate, larger emissions become permissible in the near future to meet societal need of fossil fuels to respond to energy demand in developing countries. Although this may lead to much higher CO~2~ concentration, being considerably higher than the concentration corresponding to the upper limit of temperature rise, the thermal inertia effect means that, for a limited period, it is possible to keep a lower temperature rise than the corresponding equilibrium value, thereby allowing an otherwise dangerous situation to be avoided. After zero-emission is achieved, the temperature will reduce as CO~2~ concentration is subject to natural removal processes, thereby approaching the final equilibrium state, which is set at a sufficiently low level to avoid long-term risks of ice sheet melting.

These few years, a number of studies have been published in the literature, closely related to the present work. One group of papers deals with the relationship between peak temperature and cumulative CO~2~ emissions, and showed that the former is determined by the latter for a number of emissions pathways. In most of those studies, a zero-emission (cessation of emissions) is included in emission pathways but not discussed clearly and explicitly. We discuss this problem later in this study citing individual literature, in comparison with the situation for traditional stabilization pathways. Another group of papers addresses the almost irreversible nature of climate change (temperature rise) after cessation of CO~2~ emissions under scenarios in which emissions show rapid growth, followed by cessation at a specified time (typically at 2100). These approaches use numerical models such as Earth System Models of Intermediate Complexity (EMICs) and full earth system models. The proposed Z-stabilization strategy is compared with the results of these studies and their implications are described in the discussion section by referring to specific works.

In Part 1, we consider CO~2~ emissions only because CO~2~ is a major component of GHGs. For qualitative discussion about the characteristics of pathways, this simplification may be permissible and gives a clearer view. In Part 2, we present a more realistic situation, including radiative forcings of other GHGs and aerosols; and present a new emissions pathway as a candidate for real application.

Examination of "stabilization" concept
======================================

The concept or implication of "stabilization" of GHG concentrations, as it is usually understood by climate change researchers and policy makers, is illustrated in Fig. [1](#fig01){ref-type="fig"}, which is taken from Fig. 5.2 in the Synthesis Report of the IPCC Third Assessment Report (TAR).^[@r09])^ As seen in Fig. [1](#fig01){ref-type="fig"}, increasing atmospheric CO~2~ concentration levels off in a century or two and is then fixed at a constant level. So far, the word "stabilization" has been considered to refer to such a pathway (and its final state) as a straightforward interpretation of stabilization, stated in Article 2 of the UNFCCC.^[@r10])^ As shown in this figure, the emissions corresponding to this concentration pathway first increase but soon peak, and then decline rapidly to a very low level compared with "today's" level. The quick decline of CO~2~ emissions does not continue, but rate of decline slows down after stabilization is attained and low level CO~2~ emissions continue over a millennium-long period.

What is hard to understand as the background mitigation strategy expressed in Fig. [1](#fig01){ref-type="fig"} is that there remain a small amount of CO~2~ emissions over a millennium-long period after the drastic reduction that is realized soon after the peak in emissions. Why does the reduction in emissions becomes slow after the greatly successful reduction achieved earlier in the scenario? For what purpose low level CO~2~ emissions continue over a very long time? Perhaps the reason is that it does not reflect any specific mitigation strategy, but that it is merely a result of inverse calculation from a pathway leading to stabilization of CO~2~ concentration in the atmosphere. The low level continuing emissions are needed to keep the CO~2~ concentration constant against natural uptake of CO~2~ working in the stabilized state, mostly uptake by the deep ocean. Further quantitative results of emissions pathways leading to stabilization are found in Fig. 3.13 of IPCC WG I TAR^[@r11])^ or Fig. 10.22 in IPCC WG I AR4.^[@r01])^ By referring to these data, we see that the near-constant level of emissions at the doubled CO~2~ concentration (550 ppm) is around 2 GtC y^−1^, which is a small but significant amount. We shall refer to this traditional stabilization process as "Emissions-keeping stabilization (E-stabilization)." Note that 1 GtC is equivalent to 3.7 GtCO~2~.

Figure [1](#fig01){ref-type="fig"} shows sea level rises due to thermal expansion of seawater and ice-sheet melting, both of which increase continually over a millennium time scale. These express the most important message of this figure, *i.e.*, that sea level rises even after stabilization. Since the concept of "stabilization" in AR4 remains the same as that in TAR, it emphasizes sea level rise due to melting of the Greenland ice sheet as well as that due to thermal expansion of seawater as a long-term danger under the condition of sustained temperature rise (*e.g.*, the last paragraph in SPM of the IPCC WG I AR4^[@r01])^).

Apparently, it is a questionable idea that low level anthropogenic emissions are held for many centuries to maintain the higher CO~2~ concentration and higher temperature against natural recovery effects. By noting these points, we are led to a naïve but attractive alternative. If we continue the efforts of reduction to make emissions sufficiently below the natural uptake level, then the net balance of CO~2~ in the atmosphere becomes negative, so the atmospheric concentration will decrease. In particular, if emissions reach zero not so far into the future, hopefully during the next century, then atmospheric CO~2~ concentration should decrease due to oceanic and biospheric uptakes and approach the final equilibrium state. In this state, atmospheric concentration is determined by the airborne fraction of the cumulative total of anthropogenic CO~2~ emissions. This final concentration is generally very low compared with the stabilization level now under discussion, *i.e.*, 450--550 ppm, so that the equilibrium state is supposed to be safe from sea level rise associated with thermal expansion of seawater and ice-sheet melting. This final equilibrium state is a stable state similar to the preindustrial era, but with a different (higher) CO~2~ concentration due to anthropogenic addition of total carbon circulating in the climate system. This process, and the final stable state, can also be regarded as "stabilization" equally to the traditional concept, so we shall refer to this as "Zero-emissions stabilization (Z-stabilization)." Over the course of several previous reports, the present authors have advocated the need to extend the stabilization concept in this manner in order to avoid long-term risks while meeting the short-term need for relatively large emissions.^[@r12]--[@r15])^ This new concept of stabilization relaxes the limitation on emissions pathways posed by the temperature condition at the final equilibrium state in the E-stabilization scenario.

A recent study raised concern regarding "irreversible" climate changes following the cessation of CO~2~ emissions.^[@r16])^ The issue of irreversibility is further emphasized in the recent report by the US National Academies.^[@r17])^ The irreversibility discussed in such literature suggests that atmospheric CO~2~ concentration and temperature after the cessation of CO~2~ emissions will never return to preindustrial low levels but will remain at higher levels. However, unlike the E-stabilization case, in the Z-stabilization case the higher temperature is not constant but declines toward the final equilibrium, to some extent, which is the key to lessening the long-term risk of sea level rise, as will be discussed in the final section.

Projections based on a zero-emissions stabilization pathway
===========================================================

Setup of numerical experiments.
-------------------------------

In order to test and verify characteristics of the proposed form of stabilization and to identify the potential for a new CO~2~ mitigation strategy based on the Z-stabilization pathway, we calculated climate projections for test case scenarios using a simplified climate system model.^[@r18])^ A brief description of the model and the values of parameters adopted in the present study are given in the Appendix. It should be noted that the equilibrium climate sensitivity---one of the key parameters containing uncertainties in the climate projection---is set at 3 ℃ as the best estimate.^[@r19])^ In climate change science, climate sensitivity is defined as a temperature rise at equilibrium state from the preindustrial level after doubling of CO~2~ concentration.

In the experiments in Part 1, we consider only CO~2~ as a GHG for the purpose of comparison of two types of stabilization pathways. In Part 2, we consider a more realistic situation including other GHGs. We designed a Z-stabilization pathway and a traditional E-stabilization pathway to allow comparison of projected climate changes. For the E-stabilization pathway, we adopted 450 ppm as the target concentration and devised an emissions pathway that continually increased atmospheric concentration towards this threshold (hereafter termed E450 emissions pathway). For the Z-stabilization pathway, we first chose 650 GtC as the cumulative CO~2~ emissions in the 21st century. The background to choosing this level is as follows: Since the IPCC TAR,^[@r11])^ several emissions scenarios have been investigated using stabilization levels of 450 ppm. By crudely estimating cumulative CO~2~ emissions, it was found that they are approximately 550 GtC in the 21st century. Since the Z-stabilization emissions pathways allow temporarily higher concentration than the corresponding E-stabilization target, higher overall CO~2~ emission is possible in the 21st century. Thus, we adopted 650 GtC as the total emissions in the 21st century and set the target date for zero emissions at 2160, the middle of the next century (subsequently termed Z650 emissions pathway). As will be seen subsequently, the highest temperature rise due to this emissions pathway is about 1.8 ℃, which is less than the current threshold of 2 ℃, whereas the E450 pathway indicates a final equilibrium temperature rise of slightly above 2 ℃. Although there is such a minor difference in the maximum temperature rise between the two pathways, this does not affect subsequent discussion of their comparison.

Results of projection experiment until the year 2200.
-----------------------------------------------------

Figure [2](#fig02){ref-type="fig"}(a--d) shows the emissions pathways (a), concentrations (b), global mean temperature rises from preindustrial level (c), and the sea level rises due to thermal expansion (d) for the two cases, Z650 and E450 (indicated by solid and dashed lines, respectively). As readily seen from Fig. [2](#fig02){ref-type="fig"}(a), the emissions peak and the total emissions during the 21st century are significantly larger for Z650 than for E450. For the concentrations in Fig. [2](#fig02){ref-type="fig"}(b), Z650 shows a peak-and-decline change, with the maximum concentration of about 480 ppm, which exceeds the 450 ppm limit corresponding to 2 ℃ temperature rise at the equilibrium. In contrast, the concentration of E450 stays below 450 ppm, although it increases steadily to approach the equilibrium value. It is interesting that the Z650 concentration decreases, intersecting the E450 projection at about 2150, close to the time when the cumulative amounts of the two scenarios become equal (the year 2185). Figure [2](#fig02){ref-type="fig"}(c) shows that predicted temperature rises are similar to respective concentration changes. The most important point is that the maximum temperature increase of Z650 (at around 2100) remains around 1.8 ℃ (above the preindustrial level), which is well below the upper limit of 2 ℃, even though the concentration has a plateau exceeding 450 ppm for more than a century-long period, with the maximum at about 480 ppm. Thus, we confirm that the original objective to propose a new type of emissions pathway was actually achieved.

In comparison, the temperature rise for E450 increases monotonically with increasing concentration to approach the targeted temperature rise of 2 ℃. However, at 2050, when the concentration reaches 440 ppm (94% of the increase above the preindustrial baseline), the temperature rise is about 1.4 ℃, which is 70% of the equilibrium, because of the large thermal inertia of the climate system. This delayed climate response is in accordance with results from intensive climate experiments by atmosphere--ocean general circulation models (AOGCMs), as documented in the IPCC WG I AR4.^[@r01])^ Even in the year 2200, when almost 150 years have elapsed after the near-stabilization, the temperature rise remains slightly above 80% of the equilibrium value. Figure [2](#fig02){ref-type="fig"}(d) compares sea level rise due to thermal expansion for the two cases. For this component, differences between the two are very small (around 1 cm) with the Z650 case being larger for the period until 2200. The maximum values are approximately 22 cm for Z650 and 21 cm for E450.

Longer-term projections until 3000.
-----------------------------------

Figure [3](#fig03){ref-type="fig"} shows longer-term projections for the two scenarios. The four variables (emissions, concentration, temperature rise, and sea level rise) are shown in Fig. [3](#fig03){ref-type="fig"}(a) for Z650 and Fig. [3](#fig03){ref-type="fig"}(b) for E450 for the years 1950 to 3000. Note that we use the same climate system model without carbon cycle processes on geological time scales, which is valid for a few millennia. The concentration under Z650 increases to a maximum of 480 ppm at about 2075 and then decreases continuously after 2200 to become as low as 370 ppm at 3000, whereas the concentration in the E450 scenario is kept fixed at 450 ppm, by definition. In the year 3000, Z650 shows a concentration of 370 ppm, which is nearly the same as the value at 2000, irrespective of the additional emissions beyond 2000. The cause of the decrease below the present-day concentration can be understood as a restoring effect toward the preindustrial state, memorized by the large water masses in the deep ocean.^[@r20])^ As consequences of these concentration changes, the temperature rise of Z650 attains a temporal maximum of about 1.8 ℃ at about 2100, then decreases to reach around 1.3 ℃ at 3000. In contrast, the temperature for E450 continues to increase and slightly exceeds the 2 ℃ by the year 3000. This value is in accordance with the assumed climate sensitivity of 3 ℃.

Some recent reports emphasized the irreversible nature of climate change caused by anthropogenic CO~2~ emissions.^[@r16],[@r17])^ The above-described decrease in the CO~2~ concentration and temperature after their peaking do not conflict with the irreversibility discussed in the literature, in the sense that the values at 3000 (370 ppm and 1.3 ℃) are definitely much higher than preindustrial levels (280 ppm and 0 ℃), indicating that anthropogenic changes do not disappear on millennium time scales. Our argument here concerns the small restoring change after peaking, which makes an important difference in the persisting state regarding long-term accumulating influences.

The projections for Z650 and E450 differ in the extent of sea level rise, which is the most important issue over longer time scales. While sea level rise increases at an almost constant rate in E450, the rate of increase slows gradually in Z650. At the year 3000, sea level rises reach 58 cm and 41 cm for E450 and Z650, respectively. The differences between these two cases could increase substantially if the component of ice-sheet melting is taken into consideration.

Evolution of climate parameters and cumulative emissions.
---------------------------------------------------------

Figure [3](#fig03){ref-type="fig"}(b), which shows the four variables in the case of E450, is very similar to Fig. [1](#fig01){ref-type="fig"}, a schematic picture of the E-stabilization, as it should be. From Fig. [3](#fig03){ref-type="fig"}(b), we can see that, following stabilization, emissions decrease toward zero at the final equilibrium state but that the rate of decline is rather gradual, so that we infer that the cumulative total emissions after 2100 until the equilibration are much greater than those in the 21st century. The point can be seen more clearly in Fig. [4](#fig04){ref-type="fig"}(a), which shows the cumulative emissions since the preindustrial era for the two cases, Z650 (solid line) and E450 (dashed line). Note that the model we used calculated prior total emissions until 2000 as 410 GtC from the observed concentration data. Figure [4](#fig04){ref-type="fig"}(a) indicates that the cumulative emissions during the 21st century are about 520 GtC and 650 GtC for E450 and Z650, respectively. The latter is larger by 130 GtC, but this difference between the two is not very large, if we compare it with the difference after 2100. After 2100, the two cumulative emissions evolve quite differently. In E450, the cumulative emissions between 2100 and 3000 total approximately 800 GtC, which is much larger than the amount during the 21st century (520 GtC), whereas in Z650, the total emissions after 2100 is only 50 GtC, due to the cessation of emissions at 2160.

In order to understand the relationships between cumulative emissions and concentration, temperature rise and sea level rise, we shall see the evolutions of these variables as functions of cumulative emissions, instead of time, for the two pathways (Note that the amount of cumulative emissions is a non-decreasing function of time for each pathway, unless negative emissions occur). Figure [4](#fig04){ref-type="fig"}(b), (c) and (d) show the evolution of CO~2~ concentrations, temperature rises and sea level rises with increase of cumulative emissions, respectively. In each panel, the Z650 (solid line) and E450 (dashed line) cases are shown together. The dotted line in each figure expresses the value of each variable at the final equilibrium state, corresponding to total cumulative emissions. Small circles and asterisks attached to the lines indicate the positions at the years 2000, 2050, 2100, 2185, 2300 and ∞ (the final state). The two cumulative emissions of Z650 and E450 coincide in the year 2185 (see Fig. [4](#fig04){ref-type="fig"}(a)). Figure [4](#fig04){ref-type="fig"}(b) clearly depicts the different outcomes of the two pathways: After crossing at about 2185, the two lines become perpendicular. The Z650 line keeps the total emissions unchanged but the concentration decreases toward equilibrium by the action of the carbon cycle to redistribute the originally atmospheric CO~2~ to other reservoirs. In contrast, in the E450 scenario, the atmospheric concentration is kept at 450 ppm but emissions continue to fill up the other reservoirs, which are not yet equilibrated with the 450 ppm atmosphere. Corresponding to the concentrations the temperature rises in Fig. [4](#fig04){ref-type="fig"}(c) show similar characteristics except that in E450, the temperature rise continues to increase following concentration stabilization due to the thermal inertia of oceans. It is interesting that the two temperature rises almost coincide at 2185, when cumulative emissions become equal. However, after 2185, the temperature for Z650 drops by approximately 0.5 ℃, while that for E450 rises by a further 0.5 ℃. In this way, although the temperature increases of the two pathways are similar for a century or two, they later diverge by more than 1 ℃.

A number of recent studies suggested cumulative emissions as a good measure of peak temperature rise.^[@r16],[@r17],[@r21]--[@r25])^ However, as demonstrated above, the peak temperature rises for Z650 and E450 (1.8 ℃ and 2.1 ℃) are of similar magnitude, differing by only 0.3 ℃, whereas the corresponding cumulative emissions are about 1,100 and 2,000 GtC, with about a factor-2 difference. The origin is, of course the difference of functional forms of the two pathways. In almost all studies incorporating cumulative emissions (except for Refs. [@r21] and [@r25]), functional forms with exponential decrease or similar rapid decrease are assumed, which can be regarded as zero-emission pathways, although this was not further explored by the respective authors. It should be noted that the validity of a simple relationship between cumulative emissions and peak temperature increases is limited to a class of emission pathways with similar functional forms, particularly (effectively) zero-emission pathways, which generally have maxima in concentration pathways (over-shoot scenario). The relationship does not hold if stabilization pathways are included. Since emissions pathways (functional forms) are more or less similar for the two types during the 21st century, the relation between cumulative emissions and peak temperatures holds for a century or two. However, in the E-stabilization case, small but continuing emissions to keep CO~2~ concentrations constant result in much larger cumulative emissions with the lapse of time so that the simple relation does no longer hold later as seen in Fig. [4](#fig04){ref-type="fig"}(c), where the two trajectories run close until 2185 but diverge after the crossing.

In view of the current situation, in which discussions of mitigation policies still concern with stabilization (of concentration) as the target, care must be taken to avoid confusion in mentioning cumulative emissions. Figure [4](#fig04){ref-type="fig"}(d) shows projected sea level rise. Here, once again, we can see a critical difference between the two pathways Z650 and E450, namely 45 cm vs. 80 cm at the final equilibrium state. We can confirm that the warning message contained in Fig. [1](#fig01){ref-type="fig"} has a different degree of seriousness in Z-stabilization.

Two types of stabilization and "commitment"
===========================================

In this Part 1, we first questioned the concept (or implication) of "stabilization," which is usually accepted within the climate change research community, and then proposed a different type of stabilization as an alternative basis for climate change mitigation strategy. In connection with stabilization in the traditional sense (E-stabilization, in this paper), climate changes that take place in the long-term future under conditions of constant CO~2~ concentration are often called "climate change commitment" or "committed climate change" (see Box TS 9 of the IPCC WG I AR4^[@r01])^). The origin of this wording is likely intended to distinguish transient temperature rise at the time when CO~2~ concentration first reaches the targeted stabilization level from the final equilibrium temperature rise to be reached long after. In this case, the transient temperature (rise) is called "realized temperature (rise)," while the final equilibrium temperature (rise) is called "committed temperature (rise)." Such wording can be traced back to Ref. [@r26] and the first IPCC Report.^[@r27])^ Similar terms, such as "unrealized warming",^[@r28])^ and "residual warming"^[@r29])^ were used to refer to the same quantity, as noted by Ref. [@r30].

Serious misunderstandings often arise from the use of the word commitment in the way described in Refs. [@r13] and [@r31]. Recently, different types of warming commitment have been defined and used.^[@r32]--[@r34])^ We consider that "commitment" in such many ways will lead to further confusion, and that even the historically longest use of the word is misleading as discussed subsequently. In the following discussion, we shall assume that "stabilization of GHG concentration" refers to holding the radiative forcing of all compositions constant, as usually assumed in similar discussions. In the IPCC WG I AR4,^[@r01])^ temperature rises that occur after the GHG concentration is stabilized are referred to as committed temperature rise. Then, for example in the case of stabilization at the year 2000, the temperature rise after 2000 under the constant GHG concentration is described as if it were "inevitable", because it is due to previous emissions. The statement "even if the concentrations of greenhouse gases in the atmosphere had been stabilized in the year 2000, we have already committed to further global warming of another half degree",^[@r35])^ would be taken to imply that further warming is inevitable.

However, the "committed" temperature rise at 2000 is not inevitable. If all anthropogenic GHG emissions ceased in 2000, their concentrations in the atmosphere are no longer constant but would decrease by natural removal processes, so that the temperature will not rise as "committed" even though the climate system (ocean) tends to catch up with the equilibrium temperature. The misunderstanding of "committed" as "inevitable" may be very serious if the word commitment is used to refer to long-term climate changes associated with stabilization scenarios at high CO~2~ concentration levels, for example, 550 ppm. Committed change is often taken to mean that once we stabilize the concentration at this level, with a temperature rise of approximately 3 ℃ (assuming the best estimate of the climate sensitivity), a significant further and probably dangerous sea level rise is inevitable, due to thermal expansion and ice-sheet melting; an important point that Fig. [1](#fig01){ref-type="fig"} indicates, giving rise to some alarm.

In view of the above problem, we shall consider which climate-related outcomes may actually be inevitable. In the case of Z-stabilization, after the time when the emissions reach zero, the cumulative total CO~2~ at that time remains in the climate system for a long period and is partitioned between atmosphere, ocean and terrestrial ecosystems at definite rates under the equilibrium state. In this case, climate changes, including sea level rise due to the constant temperature rise at the equilibrium CO~2~ concentration, is actually inevitable. Ref. [@r16] raised a concern about these "irreversible" climate changes. We consider that the temperature rise at the equilibrium state for an increased CO~2~ content in the climate system due to previously emitted total anthropogenic CO~2~ (termed "zero-emissions commitment" in the IPCC WG I AR4 (Box TS9)),^[@r01])^ should instead be termed "committed temperature rise."

Figure [5](#fig05){ref-type="fig"}(a) and (b) show three temperature rises: the equilibrium temperature rise corresponding to current atmospheric CO~2~ concentration or "committed temperature rise" in the sense of the IPCC AR4 TS Box 9 (indicated by a chain line); the actually realized temperature increase (transient response of the climate system to increasing CO~2~; solid line); and the temperature rise to be realized at the final equilibrium state for current total CO~2~ content in the climate system ("zero-emissions commitment" in Ref. [@r01] or truly committed temperature rise; dashed line). Assuming 3 ℃ as climate sensitivity, the CO~2~ concentration corresponding to temperature rise is also shown together, as the vertical axis. From Fig. [5](#fig05){ref-type="fig"}(b) for the E-stabilization case, one can see the difference between the two committed temperature rises and understand that the use of "commitment" (as in the existing literature) to refer to the outcome (temperature rise) of hypothetically maintaining GHG concentration at current level is quite different from truly inevitable changes due to the previous emissions. Therefore, we must keep in mind that a stabilization target (CO~2~ concentration and temperature) can be revised to any lower levels above the lowest limit, the truly committed values due to previous emissions (shown by dashed lines). To be specific, at 2100 the concentration has already almost reached the target level of 450 ppm (Fig. [5](#fig05){ref-type="fig"}(b); also see Fig. [2](#fig02){ref-type="fig"}), in which the equilibrium temperature rise is 2.1 ℃, while the actually realized temperature rise is about 1.6 ℃. By using the word "commitment" in the same way as IPCC AR4, we express the situation as follows: In year 2100, although the observed temperature rise is still 1.6 ℃, committed global warming reaches 2.1 ℃ corresponding to the stabilization concentration. But actually, it is still possible to revise the stabilization level below 450 ppm down to the lowest limit of about 350 ppm (Fig. [5](#fig05){ref-type="fig"}(b)), resulting in a final equilibrium temperature rise of approximately 1.0 ℃, both concentration and temperature rise being lower than the current levels. Thus, this diagram helps understanding that stabilization levels could be revised to lower ones. Similar differences between the two committed temperature rises, responding to the currently realized and the final equilibrium concentrations, are also found for the case of the Z-stabilization Z650 in Fig. [5](#fig05){ref-type="fig"}(a), but decrease in the concentration and temperature down to the committed (truly inevitable) level is inherently realized because of the zero emissions.

Discussion and conclusion
=========================

Comparison with other studies regarding persistence of temperature rise.
------------------------------------------------------------------------

Recently, the "irreversibility" of global warming has been investigated and emphasized in some studies we have cited. The central notion is that anthropogenic CO~2~ emitted into the atmosphere results in increased total carbon loading in the atmosphere--ocean--land system, which is then conserved so that atmospheric CO~2~ concentration level and temperature rise will persist over millennia time scales, making the global environment different from the present; this era with a new environmental state is named the "Anthropocene," contrasting to the "Holocene" before the anthropogenic interference.^[@r36],[@r37])^ In order to investigate the persistence of temperature rise, numerical experiments were performed using earth system models to include carbon cycle processes, mostly by EMICs, under the condition that CO~2~ emissions grow rapidly to reach a high level and that emissions are then instantaneously shut off to zero; thereafter, the atmospheric CO~2~ concentration and temperature increase both evolve under conditions of no further anthropogenic emissions. The results of such experiments are described in Chapter 10 of the IPCC WG I AR4 as well as in Ref. [@r34], where the results of 5 experiments using different EMICs are shown and compared. In each experiment, increasing emissions were introduced, to reach 750 ppm at 2100 and then the emissions were shut off; the projection was continued until 3000. The results of temperature changes (shown in Fig. 10.35 in the AR4) diverge, perhaps due to differing climate sensitivity of the models but, except for one case, the projected temperature increases at 3000 are all within the range 1--2 ℃. Tracing the evolutions of the temperature increases, we see that the differences between the peaks and the final states (3000) are almost the same magnitude, about 0.5 ℃ for 4 cases with peak temperature of 2--2.5 ℃. In the case with peak temperature about 1.3 ℃, the difference is smaller, about 0.3 ℃. Another recent paper^[@r16])^ presented the results of similar projections using Bern2.5CC EMIC,^[@r34],[@r38])^ which treated several pathways with emissions to reach 450--1200 ppm at 2100. In this work, for the cases with peak temperature increase of 1--3 ℃ (concentration 450--750 ppm), the differences between the peak and the value projected at 3000 are about 0.5 ℃, although for the lowest and highest concentrations, differences are slightly lower and higher. Thus, we confirm that the present result of Z650, with peak temperature 1.8 ℃ at about 2100 and 1.3 ℃ at 3000, is consistent with those projections assuming a sudden cessation of emissions.

An exception is the case reported by Lowe *et al.* (2009).^[@r39])^ In that work, a full-scale earth system model was used instead of EMICs, but the integrations were performed for a short period of 100 years after cessation of CO~2~ emissions. In that case, for such a short period, the temperature rise does not show discernible decreasing trend. The CO~2~ concentration decreased very little, in contrast to other studies described above. The origin of this unique feature is attributable to return emissions from land ecosystems under warmer climate, especially due to the so-called Amazon dieback. However, this particular feature is limited only to this model among several full-scale earth system models and remains uncertain.^[@r40])^ The differences in carbon budget and temperature rise between this work and our results are further described in the Appendix.

Thus, the result of the present work is basically the same as those of recent studies emphasizing the irreversibility of temperature rise. Small decreases of temperature rise around 0.5 ℃, taking place over a millennium-long period may be regarded as negligible compared with their respective peaks in a range of 2--3 ℃, and this situation can be regarded as "irreversible." In our view, however, this decrease of temperature rise, which is surely assured by the zero-emissions scenario, can be taken into account within strategies for avoiding long-term risks, particularly regarding melting of the Greenland ice sheet. It is suggested that the equilibrium ice sheet volume of Greenland as well as time to approach the final state depend sensitively on summer mean temperature rise in the vicinity of 3 ℃,^[@r41]--[@r44])^ which corresponds to around 2 ℃ global mean temperature rise, so that it is inferred that the difference between an increase of 2 ℃ or 1.5 ℃ will significantly influence sea level rise when this temperature lasts for a long period. (Note, however, that the long time scale of climate restoration processes might be critical if the ice flow of Greenland is very rapid as inferred from some recent observations cited in Ref. [@r01].) On the other hand, studies that emphasize irreversibility must take account of the concern regarding the persistence of some potentially challenging outcomes such as frequent occurrence of mega-drought after stabilization, but not necessarily concerned about the accumulation of longer-term small effects like ice-sheet melting.

Feasibility and need for zero-emission strategy.
------------------------------------------------

Reducing CO~2~ emissions to zero plays a key role in this two-part paper. It is natural to question whether such an ambitious target could be realized and whether it is appropriate to consider climate change mitigation strategies on this basis. There are several reasons to include zero emissions as one possible and realistic measure in emissions reduction strategies. First, in current climate change mitigation discussions, the need to reduce emissions by around 80% for the stabilization of CO~2~ concentration at a reasonable level (450--550 ppm) has become understood and accepted as the target to be achieved by approximately the end of the 21st century. Further, by recognizing this need, the target of 80% reduction of CO~2~ emissions in the developed countries by 2050 has become part of the international political agenda and is currently subject to serious global discussions on the technological and socioeconomic implications of implementing this target. Under these circumstances, it is quite natural to include the zero emissions in climate change mitigation strategies as an extension of emissions reduction scenarios, next to that of stabilization. Here, note that "zero emissions" does not refer to exactly zero but to emissions sufficiently below the natural uptake level, which is equal to emissions under the stabilization, estimated at 1--1.5 GtC y^−1^ for stabilization levels in the range 450--550 ppm.

Secondly, to our knowledge, no arguments have been presented to demonstrate the existence of a particular barrier to reducing CO~2~ emissions below such levels. This is quite understandable, considering that most CO~2~ emissions derive from consumption of fossil fuels that can be substituted by other, carbon-free sources, such as renewable energy, and also that emerging carbon capture and sequestration (CCS) technology is expected to provide a powerful means to prevent the release of CO~2~ to the atmosphere. The CCS technology combined with extensively utilizing biomass energy or even direct CO~2~ removal from the atmosphere might enable negative emissions. There may be concern about the small level of emissions associated with "essential use," as in the case of the regulation of CFC emissions. If the amount is 1.0 GtC y^−1^ (or 12% of the current level) and if it lasts for 200 years more (until 2360), the total emissions add 200 GtC to that projected under Z650. Referring to Fig. [4](#fig04){ref-type="fig"}c, we see that the final temperature rise is still less than 1.5 ℃. In any case, "zero emissions" are considered to be a certain non-zero level but sufficiently below the natural uptake level, which could be resulted from the balance between reduced emissions and negative emissions.

Besides technological feasibility, we consider that mitigation strategies incorporating zero-emissions must be examined more seriously as an alternative to the traditional E-stabilization scenario. Some recent papers^[@r23],[@r24])^ considered virtual-zero-emissions or limited cumulative emissions in order to maintain CO~2~ (generally GHG) concentration at low levels, although they do not mention that zero emissions and subsequent natural restoration effects are the key to maintaining the low concentrations. One previous study^[@r23])^ raised problems associated with stabilization (E-stabilization) and proposed CO~2~ emissions pathways in which emissions are reduced at a constant percentage rate at the declining stage of emissions, as a means to replace current emissions pathways aiming to achieve stabilization. Since, in such an exponentially decreasing emissions pathway, the cumulative emissions total (at an infinite time in the future) is limited to a definite value, such pathways are termed "containment scenarios."^[@r23])^ As noted previously, almost all studies that incorporate cumulative emissions address such pathways. It is clear that such pathways are simply a form of zero-emission, although no particular interest was shown in their nature or merit compared with the traditional stabilization.

In addition, the United Kingdom Climate Change Committee (UKCCC) assessed potential temperature increases under a variety of emissions pathways to determine the most appropriate options for climate change mitigation.^[@r45])^ That study investigated CO~2~ emissions with pathways very similar to those in the present work. In the least-emissions pathways with exponentially decreasing functional forms, similar to those treated in Ref. [@r23], the CO~2~ emissions are terminated when the magnitude becomes practically zero (typically less than 0.1 GtC y^−1^), mostly during the 22nd century, whereas for other CO~2~ emissions pathways, a constant value (1.4 GtC y^−1^) is assumed to continue after the time when the emissions decrease to this value. In addition, other GHG emissions are assumed to continue over the whole period until 2300.

Quite recently, the Committee on Stabilization Targets for Atmospheric Greenhouse Gas Concentrations of the US Academies published its report,^[@r17])^ in which it appears that the term "stabilization target" refers to the traditional E-stabilization without zero-emissions. However, the report mentioned that cumulative total CO~2~ emission is a good measure of temperature rise, in reference to the works mentioned previously. Thus, the cumulative emissions calculations in that report should be treated similarly to other works, *i.e.*, a definite amount until the time of zero emissions.

Thus, quite a few studies already incorporate zero-CO~2~ emission scenarios as part of climate change mitigation measures. Moreover, as mentioned previously in some recent scenario studies, even negative emissions are taken into account (*e.g.*, Category I scenarios in the IPCC WG III AR4^[@r03])^). If one considers that a considerable amount of negative emissions (*e.g.*, biomass energy use combined with CCS) are feasible from technological and socioeconomic viewpoints in the 21st century to make the net world CO~2~ emissions negative, "zero-emissions" in this work should be taken as an illustrative case where net anthropogenic CO~2~ emissions are small compared with natural uptake. What we have shown is that keeping such low level emissions in the next century and beyond will make more emissions in this century permissible while it lessens the long-term risks of sea level rise compared with traditional stabilization scenarios with the same temperature rise constraint.

Nevertheless, in many official discussions related to policy, emissions reduction is considered in connection with the IPCC WG III AR4,^[@r03])^ in which stabilization (E-stabilization) plays a central role and temperature rise constraint is connected with target concentrations and temperatures, as if this were self evident. This viewpoint persists and strongly influences stabilization scenarios, not only in the IPCC WG III AR4 but also in recent activity on the production of RCP for the next IPCC report for climate change assessment. Restriction due to E-stabilization, which we have criticized in this Part 1, mainly from the perspective of long time scales (several centuries to millennia) in connection with sea level rise, also involves significant difficulties over shorter time scales, such as enforcing unnecessarily stringent CO~2~ reductions during the 21st century in order to avoid greater temperature increases that would occur many centuries later, at the targeted stabilization state, as will be discussed in Part 2.

Under these circumstances, it is apparent that we must look beyond the traditional stabilization concept for the most suitable emissions pathway as a climate change mitigation strategy,^[@r06])^ and that this process should be guided by the climate science. To this end, it might be necessary to clarify the implication of "stabilization" in Article 2 of the UNFCCC.

This paper is closely based on presentations at the 1st and 2nd Canon Institute for Global Studies (CIGS, Tokyo) Symposia, held October 27, 2009 and September 16, 2011, respectively. We are grateful to the participants for productive discussions. In particular, we express our gratitude to Prof. Sir Brian Hoskins of the Imperial College London and Prof. Susan Solomon of Massachusetts Institute of Technology, invited lecturers at the 1st and 2nd Symposia, respectively, who offered valuable advice and comments. We also thank Dr. Kuno Strassmann of the University of Bern, Dr. Seita Emori of the National Institute for Environmental Studies in Japan, and Dr. Kooiti Masuda of the Japan Agency for Marine--Earth Science and Technology, for their constructive comments and suggestions on an early draft of this paper. We are much obliged to Prof. Tetsuo Yuhara and Dr. Fengjun Duan of CIGS, for their continued interest in this work and encouragement during preparation of the draft. Finally, we thank three reviewers for their valuable and constructive comments, which contributed greatly to improvement of the original draft.

The simplified climate system model used in this study is based on the Nonlinear Impulse response model of the coupled Carbon cycle--Climate System (NICCS), developed at the Max Planck Institute for Meteorology.^[@r46])^ Details and modifications to the base formulation are described in Ref. [@r18].

The model calculates temporal changes in atmospheric concentration for a given pathway of annual CO~2~ emissions from all over the world, which is specified by 5-yearly time series. The excess carbon is partitioned into the atmosphere and the upper ocean, considering the chemistry governing ocean CO~2~ uptake. Processes of further uptake into the intermediate and deep ocean are modeled on the impulse-response function, represented by a sum of four decaying exponentials plus one constant, corresponding to the equilibrium airborne fraction for initial pulse CO~2~ emissions. Parameters used in this study are given in Table [A1](#tblA.1){ref-type="table"}. Note that the equilibrium airborne fraction depends on the cumulative total of CO~2~ emissions due to the nonlinear CO~2~ chemistry in the ocean. The response parameters are adjusted in this study so that the equilibrium airborne fraction is about 0.2 for cumulative emissions of 1000--2000 GtC, in accordance with a recent review study.^[@r47])^ A part of the atmospheric carbon is stored in the terrestrial biosphere through CO~2~ fertilization, based on Ref. [@r48]. Processes of a return of terrestrial carbon to the atmosphere due to respiration are also modeled with the impulse-response function represented by a sum of four decaying exponentials. Parameters of this terrestrial uptake are given in Table [A2](#tblA.2){ref-type="table"}.

In addition to the original formulation of this simplified carbon cycle, we developed an inversion procedure to calculate CO~2~ emissions for a given concentration pathway. Since the model requires historical emissions from the preindustrial state, we applied this inversion procedure to observed CO~2~ concentration from 1750 through 1995. The calculated carbon budget during this period is consistent with the current scientific understanding, summarized in Tables 5.1 and 7.1 of the IPCC WG I AR4.^[@r01])^ The cumulative total emissions until 1995 amount to 380 GtC. The airborne fraction for this CO~2~ is about 47% at 1995, while the oceanic and terrestrial uptake fractions are about 33% and 20%, respectively.

In the model, the equilibrium state of the carbon cycle is directly evaluated from a given atmospheric CO~2~ concentration, and the relationship between cumulative emissions and equilibrium contents in the three reservoirs is obtained as shown in Fig. [A1](#figA.1){ref-type="fig"}. Although the equilibrium carbon in the terrestrial biosphere increases with an increase in cumulative emissions, its value may be overestimated, particularly for large emissions, because the model does not include any feedback processes that accelerate the respiration of organic materials due to the fertilization effect with an increase in temperature. Processes relevant to ocean CO~2~ uptake in the model do not depend on temperature either, which may somewhat overestimate oceanic carbon content.

Climate response to temporal changes in atmospheric CO~2~ concentration is represented by a convolution with CO~2~ forcing and impulse-response function. Two climate variables are considered in this study: surface temperature and sea level rise due to thermal expansion of seawater. Radiative forcing is proportional to the logarithm of atmospheric CO~2~ concentration, where the equilibrium climate sensitivity, defined as a temperature rise (or a sea level rise) at equilibrium state from the preindustrial level after doubling CO~2~ concentration, is used as a proportional constant. Parameters of this response model are given in Table [A3](#tblA.3){ref-type="table"}. Since the climate sensitivity involves considerable uncertainties about climate feedbacks to CO~2~ forcing, an uncertainty range of surface warming should be taken into account, such as factors of 0.67--1.5 to the model output, assuming the best estimate of climate sensitivity (3 ℃). These factors correspond to the likely range of sensitivity, 2--4.5 ℃ (\>66% probability), by the current comprehensive assessment.^[@r01])^ Transient warming and the thermal expansion of seawater represented by the response-function parameters are also subject to uncertainties associated with oceanic heat uptake.

These uncertainties about climate--carbon cycle feedbacks and climate responses require considerable further investigation. Here, we present a brief comparison of our model and two other models, HadCM3LC^[@r51])^ and Bern2.5CC,^[@r34],[@r38])^ by conducting idealized emission-shutting-off experiments, as described in Ref. [@r39]. The experiments were conducted first following the SRES^[@r49])^ A2 scenario (CO~2~ only), then suddenly shutting off the emissions at 2012, 2050 and 2100, followed by a zero-emission period of 100 years. Figure [A2](#figA.2){ref-type="fig"} shows the evolutions of the CO~2~ concentration and surface temperature for these three emissions pathways. The tendency for increasing concentration in the SRES A2 until 2100 is almost identical to that of the reference data provided by IPCC WG I TAR,^[@r11])^ particularly those of the ISAM reference (see Fig. [A2](#figA.2){ref-type="fig"}). After the cessation of emissions, concentrations decline at different rates, depending on the time of the cessation. Although the temperature response is delayed due to the thermal inertia of oceans, the temperature begins to decline within a few decades in all of the three pathways.

These responses are model-dependent, and cooling after zero emissions does not appear in the case of HadCM3LC, one of the full-scale earth system models used in Ref. [@r39]. Table [A4](#tblA.4){ref-type="table"} compares natural CO~2~ uptake during the 100 years after the cessation of CO~2~ emissions between the present model and the HadCM3LC model. The latter is characterized by very low rates of decline in the CO~2~ concentration, which is mainly explained by the evolution of its terrestrial biosphere changing, with warming, from a carbon sink to a source. The oceanic CO~2~ uptake in HadCM3LC is also smaller than that in the present model, despite their qualitative similarity. Table [A5](#tblA.5){ref-type="table"} shows the responses of CO~2~ concentration and temperature for the case of cessation in 2050, estimated by the two models; and a comparable experiment by the Bern2.5CC model,^[@r34],[@r38])^ one of the representative EMICs. The declining concentration in the present model is more than twice that in HadCM3LC, and the temperature response shows a different sign between the two models. In contrast, Bern2.5CC shows similar responses to the present model.

This comparison helps explain the behavior of the present model in a broad range of uncertainties related to the carbon cycle and slow climate responses associated with terrestrial ecosystem and oceanic heat uptake. The results obtained from our simplified model should be considered as an illustrative case and further examined for better understanding of climate restoration by zero emissions in light of upcoming earth system modeling studies.

![Schematic view of stabilized CO~2~ concentration and long-lasting climate change.\
(Source) Fig. 5.2 of the Synthesis Report of the IPCC TAR.^[@r09])^\
Full legend: After CO~2~ emissions are reduced and atmospheric concentrations stabilize, surface air temperature continues to rise by a few tenths of a degree per century for a century or more. Thermal expansion of the ocean continues long after CO~2~ emissions have been reduced, and melting of ice sheets continues to contribute to sea-level rise for many centuries. This figure is a generic illustration for stabilization at any level between 450 and 1,000 ppm, and therefore has no units on the response axis. Responses to stabilization trajectories in this range show broadly similar time courses, but the impacts become progressively larger at higher concentrations of CO~2~.](pjab-88-368-g001){#fig01}

![Comparison between Z650 and E450 for CO~2~ emissions (a), CO~2~ concentration (b), global mean temperature rise (c), and sea level rise due to thermal expansion of sea water (d). Non-CO~2~ forcing is not included in the model.](pjab-88-368-g002){#fig02}

![Long-term characteristics of Z650 (a) and E450 (b). Non-CO~2~ forcing is not included in the model. Sea level rise represents thermal expansion of sea water.](pjab-88-368-g003){#fig03}

![Cumulative CO~2~ emissions of Z650 and E450 (a), and their pathways in terms of CO~2~ concentration (b), temperature change (c), and sea level rise due to thermal expansion of sea water (d) as functions of cumulative amount of CO~2~ emissions. Equilibrium states corresponding to transient cumulative emissions are shown by dotted line. Values are marked at specific years: 2000, 2050, 2100, 2185 and 2300, as well as at the final equilibrium state on the dotted line. Non-CO~2~ forcing is not included in the model.](pjab-88-368-g004){#fig04}

![Three temperature increases for Z650 (a) and E450 (b): The equilibrium temperature rise for current atmospheric CO~2~ concentration (chain line), which is the same as committed temperature rise in the IPCC WG I AR4, the actually realized temperature rise (solid line), and the equilibrium temperature rise for current total CO~2~ content in the climate system (dashed line), which is truly committed and called zero-emissions commitment in the AR4 Technical Summary. Non-CO~2~ forcing is not included in the model. The additional vertical axis indicates CO~2~ concentrations; the chain line expresses the concentration pathway when it is read referring to the concentration scale.](pjab-88-368-g005){#fig05}

![Relationship between cumulative CO~2~ emissions and equilibrium CO~2~ concentrations. Excess carbon within the atmosphere, ocean, and terrestrial biosphere are illustrated by vertical partitions with different shading densities.](pjab-88-368-g006){#figA.1}

![Similar to Fig. [1](#fig01){ref-type="fig"} of Ref,^[@r39])^ but CO~2~ concentrations and temperature changes indicated by the present model. The experiments were conducted with the SRES A2 scenario (CO~2~ only), followed by zero emissions of 100 years from 2012, 2050 and 2100, labeled as 2012E0, 2050E0 and 2100E0, respectively. Asterisk markers show reference concentrations taken from the ISAM reference in Ref. [@r11].](pjab-88-368-g007){#figA.2}

###### 

Response function parameters for ocean CO~2~ uptake

  *i*          0       1       2       3       4
  ------------ ------- ------- ------- ------- -------
  *A*~*i*~     0.170   0.273   0.253   0.209   0.095
  τ~*i*~ (y)   ∞       236.5   59.52   12.17   1.271

The response function is formulated as *R*(*t*)=∑~*i*=0~^4^*A*~*i*~exp(-*t*/τ~*i*~), where *A*~*i*~, τ~*i*~, and *t* are amplitude, time constant, and time, respectively. The function represents excess carbon remaining in the atmosphere after ocean uptake for given impulse emissions.

###### 

Response function parameters for the return flux of terrestrial CO~2~ uptake

  *i*                1       2        3        4
  ------------------ ------- -------- -------- ---------
  *A*~*i*~ (y^−1^)   0.702   0.0134   −0.718   0.00293
  τ~*i*~ (y)         2.86    20       2.18     100

The response function is formulated as *R*(*t*)=∑~*i*=1~^4^*A*~*i*~exp(-*t*/τ~*i*~). This function is used in the second term of the terrestrial carbon uptake, *b*(*t*)=δ*b*(*t*)-∫~0~^*t*^δ*b*(*t*')*R*(*t*-*t*')*dt*\', where *b* represents net primary production (NPP). The first term is an additional NPP by CO~2~ fertilization, parameterized as δ*b*(*t*)=*b*~0~βln(*C*(*t*)/*C*~0~), where β and *C* are fertilization factor (0.287) and atmospheric CO~2~ concentration, respectively. Subscript 0 represents a preindustrial value (60 GtC y^−1^ for *b*~0~ and 278 ppm for *C*~0~).

###### 

Response function parameters for surface temperature and sea level rise due to thermal expansion of seawater

               Surface temperature   Sea level rise           
  ------------ --------------------- ---------------- ------- -------
  *A*~*i*~     0.290                 0.710            0.963   0.037
  τ~*i*~ (y)   400                   12               800     25

The climate response is formulated as *x*(*t*)=*S*∫~0~^*t*^log~2~(*C*(*t*)/*C*~0~)∑~*i*=1~^2^(*A*~*i*~/τ~*i*~)exp(-(*t*-*t*')/τ~*i*~)*dt*\', where *S* is a sensitivity parameter (3 ℃ for the surface temperature rise, *i.e.*, the best estimate of the equilibrium climate sensitivity; and 1.14 m for the sea level rise).

###### 

Comparison of natural CO~2~ uptake in the 100 years after cessation of CO~2~ emissions in the 2012E0, 2050E0 and 2100E0 experiments. Results from the HadCM3LC model are taken from Ref. [@r39]

                HadCM3LC (GtC)   Present model (GtC)
  ------------- ---------------- ---------------------
  2012E0 land   23               31.3
  ocean         54               78.5
  2050E0 land   −50              69.5
  ocean         132              160.6
  2100E0 land   −76              129.1
  ocean         235              286.1

###### 

Comparison of climate responses in the 100 years after cessation of CO~2~ emissions in 2050E0. Results from the HadCM3LC model are taken from Ref. [@r39], and results from the Bern2.5CC model^[@r34],[@r38])^ are taken from a similar experiment, described in Ref. [@r16]

                      Concentration (ppm)   Temperature (℃)
  ------------------- --------------------- -----------------
  HadCM3LC            −40                   +0.2
  Bern2.5CC           −100                  −0.1 to −0.2
  the present model   −106                  −0.2

[^1]: (Communicated by Taroh MATSUNO, M.J.A.)
